This paper describes the automatic synthesis of a global nonlinear controller for stabilizing a magnetic levitation system-a simplified model for the German Transrapid system. The synthesized control system stabilizes the maglev vehicle with much larger initial displacements than those allowed in a previous linear design for the same system. The simulation shows that our nonwhere the state variables x , y, and z represent coil current in the magnet, vertical velocity of the vehicle, and vertical gap between the guideway and the vehicle, respectively. The control parameter is the coil input voltage K. The other parameters are the mass of the vehicle rn, the coil resistance R, the coil inductance Lo and the vertical gap zo at the equilibrium, and the gravitational acceleration g. Details of the derivation of the model are discussed in [4]. The nonlinearities of the system come from the nonlinear inductance due to the geometry of the magnet and the inverse square magnetic force law.
Introduction
Magnetically levitated trains provide a high speed, very low friction alternative to conventional trains with steel wheels on steel rails. Several experimental maglev systems in Germany and Japan have demonstrated that this mode of transportation can profitably compete with air travel. More importantly, maglev transportation can ease traffic congestion and save enMaglev transportation uses magnetic levitation and electromagnetic propulsion to provide contactless vehicle movement. There are two basic tqpes of magnetic levitation: electromagnetic suspension (EMS) and electrodynamic suspension (EDS).
In EMS, the guideway attracts the electromagnets of the vehicle that wraps around the guideway. The attracting force suspends the vehicle about one centimeter above the guideway. In contrast, the EDS system uses repulsive force, induced by the magnets on the vehicle, to lift the vehicle. ergy [2,3,51.
The Maglev Model
An attractive system such as the EMS system is inherently unstable. We consider the control design for stabilizing an EMSmode train traveling on a guideway-a simplified model for the German Transrapid experimental system. The Transrapid system is schematically shown in Figure 1 . It uses attractive magnetic forces to counterbalance gravitational forces.
The state equations for the magnetically levitated vehicle The system has one equilibrium state at which the magnetic force exactly counterbalances the force due to gravity and the vehicle has no vertical velocity and acceleration. However, the equilibrium is a saddle node which is not stable. The control objective, therefore, is to stabilize the vehicle traveling down the guideway and to maintain a constant distance between the vehicle and the guideway despite any roughness i n the guideway.
The available control input is the coil input voltage V, in the model (1). We further assume that V, is produced by a buck converter capable of delivering any voltage froin 0 to 300 volts.
A linear control design for the maglev system described i n [4] uses the pole-placement method. The system is first linearized around the equilibrium. The linearized system has unstable poles, i.e., the poles in the right-half of s-plane. A linear feedback is introduced to move the poles to the desired locations i n the left-half of the s-plane. Such a control design can bring the system back to the equilibrium with an initial displacement of up to 0.21nm from the equilibrium. The linear controller satw rates at the beginning for larger initial displacements. This is because the linearized model no longer approximates the original system well in regions far away from the equilibrium. A global, nonlinear control law such as a bang-bang rontrol that respects the nonlinearity of the system must therefore precede the linear feedback control. However, the real challenge for the nonlinear design is to determine the global control law specifying, for instance, the switching points.
The Control Engineer's Workbench
Our global nonlinear control law for the maglev system is designed with computational tools. We have constructed a compntational environment, the Control Engineer's Workbench, integrating a suite of programs that automatically analyze and design high-performance, global controllers for a large class of nonlinear systems [8] . These programs combine powerful techniques from numerical and symbolic computations with novel representation and reasoning mechanisms of artificial intelligence.
The two major components in the Workbench-the Phase Space Navigator and MAPS-work together to visualize and model the state-space geometry and topology of a given system. They reason about and manipulate the statespace geometry and topology and search for optimal control paths connecting initial state and the desired state for the system. The Workbench represents the result of design and analysis in a symbolic form manipulable by other programs, and produces a high-level suminary meauingful t o professional engineers. It also presents the result in a graphical form. The Workbench employs a state-space design method that synthesizes control systems i n state space or phase space. The design method computationally exploits dynamical systems' nonlinearities in terms of state-space geometries and topology. It uses the novel technique of flow pipes to group infinite iiunibers of distinct trajectories into a manageable discrete set that becomes the basis for establishing reference trajectories, and navigates the system along the planned reference trajectories. The state-space design approach requires powerful computational tools that are able to identify, extract, represent, and manipulate qualitative features of state space, and is embodied in programs comprised in the Workbench. References [6, 71 de- tail the analysis and synthesis algorithms used in the programs MAPS and Phase Space Navigator of the Control Engineer's Workbench.
Given a model of a physical system and a control objective, the Workbench analyzes the system and designs a control law achieving the control objective. A user typically interacts with the Workbench in the following way.
The user first tells the Workbench about the system: he inputs a system model in terms of a differential equation, parameter values, and bounds on state variables for analysis in the form of a state-space region. The user also tells the workbench about the requirements on the control design: he specifies the desired state for the system to settle in. the initial states of the system. t,he allowable control parameter values, and the constraints on the control responses.
The user then asks the Workbench to analyze the system within the parameter ranges of the model. T h e Workbench visualizes the totality of the behaviors of the system over thc parameter ranges; it represents the qualitative aspects of the system in a data structure and reports to the user a high-level, symbolic summary of the system behaviors and, if necessary, a graphic visualization of the state-space qualitative features.
Next, the user instructs the Workbench to synthesize a control law for the system, subject to the specified design requirements. The Workbench searches for the global control paths that connect the initial states of the system and the desired state, using the qualitative description about the system. More specifically, the search is conducted in a collection of discrete flow pipes representing trajectory flows in state space. After the global rontrol paths are established, the Workbench determines the controllable region of the system and the switching surfaces where control parameters should change values. A synthesized control reference trajectory consists of a sequence of trajectory seginents, each of which is under interval-constant control.
State-Space Control Trajectory Design
We describe a nonlinear control design -a switching-mode control -in state space for the maglev system with large initial displacements from the equilibrium. We will show that this controller can be automatically designed with the Control Engineer's Workbench. The nonlinear controller brings the system to the vicinity of the equilibrium and then switches to the linear controller.
For the purpose of demonstration, we assume that the vehicle is displaced from the equilibrium in the direction further away from the guideway. We will concentrate 011 the global design of the control reference trajectories and assume that a linear feedback design IS available as soon as the system enters the capture region of t tie linear controller.
Modeling state-space geometry
The global control law is designed by analyzing and modeling the state-space geometry of the system. T h e Workbench explores the state space of the system and characterizes the state space with stability regions and trajectory flow pipes. With the informatioii about the stable eigenvectors of the saddle, the Workbench computes the stable manifold of the saddle, a two-dimensional surface. The Workbench generates a set of trajectories evenly populating the stable manifold to approximate the surface. The trajectories are obtained by backward integrations from initial points in a small neighborhood of the saddle. This neighborhood lies within the plane spanned by the stable eigenvectors of the saddle. Figure 2 shows the trajectories on the stable and unstable manifolds of the saddle in the yz-projection of the state space.
The stable manifold is two-dimensional and the unstable one is one-dimensional. The st.ible manifold separates the state space into two halves: trajectories in the upper-half approach z 4 CO along one of the unstable trajectories, corresponding to the case in which the vehicle falls off the rail; and trajectories in the lower-half approach z = 0 plane along the other unstable trajectory, corresponding to the case in which the train collides with the rail.
4.2
For an initial displacement above or below the equilibrium, the uncontrolled system will follow either a trajectory traveling upwards with increasing z and leaving the bounding box or a trajectory traveling downwards and hitting the z = 0 plane. To stabilize the system a t the equilibrium, it is necessary to synthesize a new vector field on both sides of the stable manifold so that trajectories travel towards the stable manifold of the saddle in the new vector field. We consider only the top-half here.
The and unstable trajectories for V, = 300 is shown in Figure 3 . Figure 4 shows the yz-projection of the sandwiched region discussed above. The region is bounded by three pieces of triangulated surfaces, the top boundary shown in Figure 5(a) , the side one in Figure 5(b) , and the bottom one in Figure 5 ( c ) , respectively. The top boundary represents the stable manifold of the saddle for V, = 300 and the bottom one for V, = 140. The trajectories of V, = 300 flow into the region from the side boundary in Figure 5 (b) and leave the region at the bottom boundary in Figure 5 (c). There is no flow across the top boundary in Since the bottom boundary is an approximation to the true stable manifold, the trajectories of r/; = 140 on the boundary can only get close to the desired equilibrium. The closeness depends on the quality of the manifold approximation. As the trajectories enter a small neighborhood of the equilibrium, we use a linear feedback controller, such as the one discussed in [4], to stabilize the system at the equilibrium. Figure 6 shows the synthesized control reference trajectories originating at different initial displacements from the equilibrium: lmm, 4mm, 4.5mm, and 5mm. The controller is able to recover from the first three initial points that are within the region. The last point is outside the region and thus uncontrollable; the current in the magnet can not build up fast enough to keep up with the ever-increasing airgap.
For example, the control law for the initial displacement of lmm is specified as: This control Law consists of a sequence of tuples, each of which specifies the time instance for each switching, the switching state, and the corresponding control value during the following time interval.
Evaluating the control design
The synthesized global control law is a switching-mode one that changes the control parameter at the switching surface-the stable manifold of V, = 140. It is able to bring trajectories originating from any states within the controllable region to a local neighborhood of the saddle.
The responses of the controller with respect to the four different initial displacements are shown in Figure 7 . The vertical axis of each graph represents state variables I, y, and z as in the maglev model ( l ) , one for each curve, and the horizontal axis represents the time. For all the controllable initial displacements, the controller is able to bring the system back to the
Implementation of the controller
The control design described above has been computationally simulated only. How will this design he iinpleiriented on the real system and used in real-time'? The control law specifying the switching surfaces in state space can be compiled into a table. The control execution will be a table lookup and a geometric inequality test. At, each step of the execution. the state of ttir. system is sensed and checked against the switching surfacc. If the state is oti the switching surface, the corresponding control value for the next time interval is read from the table and applied to the physical system. The implementation does not have t o be very different from that for a dynamic prograninling one.
Summary
We have described the automatic design of a high-quality cow troller for stabilizing an EMS-niotle maglev vehicle traveling above a guideway with the Control Engineer's Workbench. The synthesized control reference trajectory consists of a sequence of trajectory segments, connected a t intermediate points where tlie control voltage switches. At run-time, the controller will cause the system to track the referent? trajectory anti reactively correct local deviation froin the desired trajectory. We have illustrated the state-space inethod for designing tlie global switcliing points of the nonlinear controller. The simulation showed that our design allows the maglev train to operate with much larger disturbances in the airgap thau the classical linear feedback design does. This work demonstrates that thca difficult control synthesis task can be automated, using computer programs that actively exploit knowledge of nonlinear dynamics and state space and combine powerful nninerical and syrnholic computations with artificial intelligence techniques.
